Vacuum insulators are critical components in many pulsed power systems. The insulators separate the vacuum and non-vacuum regions, often under great stress due to high electric fields. The insulators will often flashover at the dielectric vacuum interface for electric field values much lower than for the bulk breakdown through the material. Better predictive models and computational tools are needed to enable insulator designs in a timely and inexpensive manner for advanced pulsed power systems. In this article we will discuss physics models that have been implemented in a PIC code to better understand the initiation of flashover.
I. INTRODUCTION
Investigating surface flashover has received much attention due to its importance in high voltage and pulsed power systems [2] [3] [4] [5] [6] [7] [8] [9] [10] . Although many of the mechanisms involved in surface flashover are believed to be understood, there are currently no reliable models to predict when insulators will fail or the optimum design under operational conditions [7] .
One reason for not having a predictable model is due to the many different physical processes involved in flashover [2, 7, [8] [9] [10] 12] . The order of importance of the physical phenomena may also change for different operating conditions.
To include all the physics phenomena a multi-physics particle in a cell (PIC) code such as VORPAL [1] is needed. We have implemented several physics modules in VORPAL and applied them to investigate the surface flashover problem. Figure 1 shows pictures taken in the pulsed power lab at LLNL of a typical setup used to find the breakdown voltage of a +45° angled insulator as well as pictures demonstrating anode and cathode initiated flashover events [2] . In order to focus our attention on the physics involved in flashover, we will restrict ourselves in this discussion to slab like geometries where an insulator is placed between two electrodes of a planar parallel plate waveguide. In Sect. 2 we will begin by discussing how insulators affect the fields, insulator charging, field emission and secondary electrons from insulators. We will also discuss some modifications made to VORPAL that were implemented to help investigate this unique problem. In Sect. 3, we will apply these concepts to 0°, and ± 45° insulators. We will also apply an EM-pulse to a 45° insulator to demonstrate the effect of a magnetic field. 
II. PHYSICS MODELED
Placing an angled insulator between two electrodes perturbs the electric field. Figure 2 shows how the y-and z-components are perturbed in the presence of a dielectric having a relative permittivity of 2.5 for ± 45° insulators. In the absence of the dielectric the field is polarized in the -y-direction and there is no z-component to the E-field. The boundaries are periodic in ±x, conductors in ±y, and absorbing in ±z. The dielectric is stair stepped in VORPAL for computing the EM-fields.
One can clearly see from this figure that for a -45° insulator an electron that is present near the cathode will be pulled up and into the insulator, whereas for a +45° insulator an electron will be pulled up and away. Because of the field enhancement near the cathode of a -45° insulator, the initiation mechanism is often assumed to be field emission of the cathode. Similarly, because of the field enhancement near the anode of a +45° insulator, the initiation mechanism is sometimes assumed to be field emission from the insulator [11] . As the grid size of the simulation is decreased, the field in these regions increases [13] . This will enhance field emission. In our simulations the Fowler-Nordheim field emission model of VORPAL has been applied for emission from both the cathode and the insulator. The field emission takes place from the true surface (not stair-stepped). A field enhancement factor β is used to multiply the E-field normal to the surface to take into account small perturbations in the surface that would require a much finer mesh to model [14] .
One difference between field emission from the cathode and the insulator is that as electrons are removed from the insulator it will become positively charged. This is illustrated in Fig. 3 . In this simulation an external static E-field in the -y-direction is applied. Field emission begins to occur, pulling electrons out of an insulator with ε r = 1.0 (upper left) and causing it to begin charging (lower left). Long after the particles have finished emitting and left the simulation, a positive charge is retained on the surface of the insulator (right). In these figures the external field has been subtracted out. After the electrons are introduced into the simulation via field emission, the EM-fields will cause them to move until they strike either an electrode or the insulator. When this happens they are absorbed and may create secondary electrons. VORPAL uses the model discussed in [15] to compute secondary electrons using the true surface (not stair-stepped). In [15] it is discussed that the number of secondary electrons produced depends on the energy of the incident electron and the incident angle from the normal of the surface (larger angle leads to more secondary electrons). The emitted electrons have a distribution in energy and angle.
Once again there is a difference between metals and insulators. For an insulator if the yield is zero, it must charge negatively. This is illustrated in Fig. 4 The numerical experiment discussed above is repeated, but this time the secondary electron yield is two. Figure 5 shows the secondary electrons produced (upper left) and being swept away from the insulator due to the external E-field. Note that there is now a distribution in angle and energies for the electrons. The surface of the insulator charges positively. One can see that the resultant positive E y -field (lower left) that acts to pull the electrons back towards the surface, which is why the external E-field is needed. The number of macroparticles in the simulation (upper right) demonstrates the yield of two. The E-field long after the particles leave the simulation (lower right) is exactly opposite of the corresponding case shown in Fig. 4 .
At the time of this publication, VORPAL does not have secondary electron information for insulators (just copper and stainless steel discussed in [15] ). Thus, we are computing secondary electron information based on that of copper and stainless steel. In the future we may obtain this information for materials commonly used as insulators. Secondary electron yield information for some insulator materials seem to be similar to that of the metals being used. Unfortunately, measuring secondary electron data is more complicated than that of metals because of the surface charging phenomena [16, 17] .
Because of the specific problems being investigated, we found it useful to make some modifications to the VORPAL source code for computing field emission and secondary electrons. For our problem we wanted to use Figure 5 . Illustration of insulator charge up when secondary electrons are created. The E y -field is shown with the external field subtracted out. constant weight macroparticles (i.e. number of electrons represented by a macroparticle the same) and allow for macroscopic field enhancement over the emission surface. This can be implemented by finding the amount of charge to emit using the E-field values over the local grid area to find the probability of emitting a macroparticle, as shown by Eq. (1) In the above Eqs. Q is the charge, I the current, J NF the Fowler-Nordheim surface current density (found using local E-field), ∆s is the surface area of local grid element, N is the number of electrons in a macroparticle, ∆T the time since emitted from ∆s, ∆t is the time step, and n is the number of steps since emitting from ∆s. 
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For secondary electrons, we would like them to be emitted only if they have an emission velocity great enough so that they do not return to the surface that emitted them in less one time step. To determine which electrons to emit we make use of Eqs. (4) and (5).
In Eqs. (4) and (5) v F is the final velocity, v I is the initial velocity, a N is the normal acceleration, 2 t N is the time to return to the surface, q is the charge, E N is the normal electric field, and m is the mass.
III. APPLICATION TO DIFFERENT CONFIGURATIONS
Now that we have discussed some of the physics modules in VORPAL that are commonly believed to be important to surface flashover, we will apply them to some simple configurations. For the first numerical experiment we will apply a flat top EM pulse incident on an insulator with ε r = 2.5. Then we allow for cathode field emission to take place near the insulator between 0.14 ns and 0.28 ns. The field emission does not take place until after the rising edge of the pulse passes the emission area. A static B-field is added to cancel out the B-field of the EM-pulse. As shown in Fig. 6 the electrons rapidly increase near the surface of the insulator. By the time the last electrons emitted from the cathode approach the anode, the number of macroparticles in the simulation has increased greatly (lower right).
The same simulation was repeated, but this time secondary electrons that have energies less than 0.4 eV were not allowed to emit from the insulator. As we can see in Fig. 7 , the results are dramatically different. The number of macroparticles in the simulation do not increase as much near the anode (middle right), but there are still more secondary electrons being created than particles absorbed. This can be seen by looking at the E zfield (bottom). There is still internal debate whether the low energy secondary electrons should be emitted from insulators. In Eq. (5) we sample E N before any secondary electrons are emitted, but the removal of the electrons produces a surface charge on the insulator and hence alters E N used to test our emit condition. This will be an area of future investigation. Next, the -45° insulator configuration that was shown in Fig. 2 (top) is investigated. We allow field emission from the cathode between 0.14 ns and 0.42 ns. Once again the field emission does not take place until after the rising edge of the flat top pulse passes the emission area and a static B-field is added to cancel out the B-field of the EMpulse. The results are shown in Fig. 8 . As can be seen as the insulator charges up, the E-field is such that it changes the trajectory of the electrons that have been field emitted. We can also see that there are many macroparticles that "stick" to the insulator and produce secondary electrons. The electrons stay in the simulation long after field emission has ended, as seen by the number of macroparticles in the simulation (bottom right). For this arrangement there was negligible difference between simulations that allowed secondary electrons with less than 0.4 eV to be emitted and those that didn't. For the next setup we will use the +45° insulator arrangement that was shown in Fig. 2 (bottom) . We allow field emission from the insulator to take place. A static B-field is added to cancel out the B-field of the flat top EM-pulse. The insulator begins to field emit near the anode triple junction due to the enhanced fields. The results are shown in Fig. 9 . As the E-field increases the electrons begin to emit further down the insulator towards the cathode.
Finally, we investigate the effects from the B-field of the flat top EM-pulse propagating in the +z-direction incident on an insulator with ε r = 2.5. The E y , E z , and B x components of the EM-pulse are shown in Fig. 10 (first  three figures) . A field emission area on the cathode near the insulator begins emitting particles (light blue) as the rising edge of the pulse impinges on it (fourth figure). The B-field of the pulse causes these particles to bend toward the insulator. As these particles strike the anode, secondary electrons are created (red particles). The electrons then strike the insulator to produce secondary electrons from it (green particles). When the E-field becomes enhanced enough near the anode, field emission occurs from the insulator (dark blue particles). These results indicate that one side of the insulator will have electrons pushed towards it due to the B-field. Figure 9 . Insulator field emission takes place near the anode triple junction due to field enhancement. As the Efield increases electrons begin to emit further down the insulator towards the cathode.
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